Abstract Elevated intraocular pressure (IOP) is a major risk factor for glaucoma and is influenced by genetic and environmental factors. Recent genome-wide association studies (GWAS) reported associations with IOP at TMCO1 and GAS7, and with primary open-angle glaucoma (POAG) at CDKN2B-AS1, CAV1/CAV2, and SIX1/SIX6. To identify novel genetic variants and replicate the published findings, we performed GWAS and meta-analysis of IOP in [6,000 subjects of European ancestry collected in three datasets: the NEI Glaucoma Human genetics collaBORation, GLAUcoma Genes and ENvironment study, and a subset of the Age-related Macular Degeneration-Michigan, Mayo, AREDS and Pennsylvania study. While no signal achieved genome-wide significance in individual datasets, a metaanalysis identified significant associations with IOP at TMCO1 (rs7518099-G, p = 8.0 9 10 -8 ). Focused analyses of five loci previously reported for IOP and/or POAG, i.e., TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2, and SIX1/SIX6, revealed associations with IOP that were largely consistent across our three datasets, and replicated the previously reported associations in both effect size and direction. These results confirm the involvement of common variants in multiple genomic regions in regulating IOP and/or glaucoma risk.
Introduction
Glaucoma is a leading cause of blindness worldwide (Quigley and Broman 2006) . It is characterized by a progressive optic neuropathy arising from apoptotic cell death of retinal ganglion cells (Nickells 2012) . Genetic causes for several Mendelian forms of glaucoma have been reported [reviewed in Moroi et al. (2009) and Wiggs (2012) ], but these genes do not play a major role in the common agerelated forms of POAG. Recently, genome-wide association studies (GWAS) for POAG have successfully identified common variants near CAV1 and CAV2 in an Icelandic cohort (Thorleifsson et al. 2010) , in TMCO1 and CDKN2B-AS1 in an Australian cohort (Burdon et al. 2011) , and in CDKN2B-AS and SIX1/SIX6 regions in individuals of European ancestry (Wiggs et al. 2012b) . These variants are associated with structural glaucomatous optic neuropathy and the related functional visual field loss.
Given the complexity of POAG, identifying the genetic basis of endophenotypes is a rational strategy. Elevated IOP is the major risk factor for many forms of glaucoma, and it is heritable (Klein et al. 2004; Chang et al. 2005; Parssinen et al. 2007; van Koolwijk et al. 2007; Carbonaro et al. 2008; Zheng et al. 2009; Charlesworth et al. 2010 ; Lee et al. 2012; Freeman et al. 2013 ). Glaucoma clinical trials have shown that IOP is a major risk factor for glaucomatous optic nerve disease progression (The AGIS Investigators 2000; Kass et al. 2002; Anderson et al. 2003 ; Leske et al. 2007; Miglior et al. 2007; Musch et al. 2011) . Even patients with normal tension glaucoma can benefit from IOP-lowering treatment (Anderson 2003) . IOP, a quantifiable trait routinely measured in clinical care, represents the outcome of four complex physiological processes: aqueous humor formation, uveoscleral outflow, trabecular outflow, and episcleral venous pressure (Brubaker 2004) . There is variance in IOP among healthy individuals and an even larger variance among patients with glaucoma Pekmezci et al. 2011) .
A recent GWAS of IOP in Caucasian cohorts identified common variants in the GAS7 and TMCO1 genes (van Koolwijk et al. 2012) . Using a similar GWAS approach, we sought to identify DNA variants for IOP in three cohorts of European ancestry: NEIGHBOR (NEI Glaucoma Human genetics collaBORation), GLAUGEN (GLAUcoma Genes and ENvironment study), and a set of POAG cases and controls derived from the Michigan subset of AMD-MMAP (Age-related Macular Degeneration-Michigan, Mayo, AREDS and Pennsylvania) study. We performed GWAS for IOP in the three datasets and a meta-analysis of the combined datasets. We then selected genes previously reported for significant association with IOP and/or POAG, including TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2 and SIX1/SIX6, and examined their association with IOP in our datasets. Finally, we analyzed subsets of the NEIGHBOR cohort to characterize potential heterogeneity in IOP association due to site, gender, or age effects.
Subjects and methods

Datasets
We analyzed IOP and genotype data in three datasets, as described below. All data were derived from subjects who provided informed consent according to protocols approved by the institutional review boards of the recruiting institutions, as previously described (Li et al. 2006; Wiggs et al. 2012a ).
NEI Glaucoma Human genetics collaBORation (NEIGHBOR)
The NEIGHBOR study involves investigators from 12 institutions throughout the USA, and has been described before (Wiggs et al. 2012a; NEIGHBORHOOD Consortium 2013) . Cases and controls were at least 35 years old and were of European ancestry. Refractive status was limited between eight diopters of myopia or eight diopters of hyperopia. Individuals with narrow angles, exfoliation syndrome, pigment dispersion syndrome, anterior segment dysgenesis, or chronic inflammatory changes were excluded. Additional exclusion criteria for controls included vertical cup-to-disc ratio greater than 0.6, or cup-to-disc ratio asymmetry of more than 0.2. All cases had evidence of reproducible visual field loss and glaucomatous optic neuropathy.
GLAUcoma Genes and ENvironment (GLAUGEN)
The GLAUGEN study includes POAG cases and controls that were ascertained from two epidemiologic studies: the Nurses' Health Study (NHS) and the Health Professionals Follow-up Study (HPFS), and from a third, clinic-based case-control study from the Massachusetts Eye and Ear Infirmary (MEEI). Clinical phenotype ascertainment was similar to the criteria described above for the NEIGHBOR cohort. The GLAUGEN study is part of the Gene Environment Association Studies Consortium (GENEVA) (Cornelis et al. 2010) . More details regarding the GLAU-GEN study can be found on dbGaP (www.ncbi.nlm.nih. gov/projects/gap).
Michigan subset of the Age-related Macular Degeneration-Michigan, Mayo, AREDS, Pennsylvania (AMD-MMAP)
The AMD-MMAP study was designed to identify the genetic basis of AMD (Li et al. 2006; Chen et al. 2010) . This study population consisted of cases affected with AMD and controls unaffected with AMD. AMD cases were categorized based on the severity of the diagnosis in the worse eye, ranging from neovascularization to large drusen. Clinical research records of the Michigan subset of the study subjects were reviewed to select individuals who qualified as controls and POAG according to NEIGHBOR study design criteria (Wiggs et al. 2012a) .
For all three datasets, POAG cases demonstrated characteristic glaucomatous visual field defects after a reproducible sequential visual field test, or one glaucomatous visual field test plus a measurement of cup-to-disc ratio (CDR) of C0.7 in at least one eye. Controls had CDR B0.6 and no visual field loss.
IOP measurements
IOP data were obtained from the existing clinical research records of the NEIGHBOR, GLAUGEN, and AMD-MMAP MI studies. After applying topical anesthetic to the cornea surface, IOP was measured using either Goldmann applanation or Tonopen telemetry.
Genotyping, imputation and quality control DNA samples in NEIGHBOR and GLAUGEN were genotyped at the Center for Inherited Disease Research (CIDR) (Baltimore, MD) and the Broad Institute (Cambridge, MA), respectively, using the Human 660W_Quad_v1 array from Illumina (San Diego, CA). Initial data processing and quality assessment have been previously described (Wiggs et al. 2012b) . After the initial quality control processing, the genotype datasets contained 521,687 single nucleotide polymorphisms (SNPs) for 4,514 subjects in NEIGHBOR, and 495,161 SNPs for 2,116 subjects in GLAUGEN (dbGaP Study Accession: phs000308.v1.p1). Separately for the two datasets, we further filtered the genotype data by removing SNP markers meeting one of the following criteria: per-SNP missing call rate [10 %, minor allele frequency (MAF) of \2 %, or a Hardy-Weinberg equilibrium p value \1.0 9 10 -4 . These criteria yielded a final set of 506,679 SNPs and 484,176 SNPs for NEIGHBOR and GLAUGEN, respectively. The AMD-MMAP samples were genotyped at CIDR using the Illumina CNV370v1_C array. Initial data clean-up was described previously ). The resulting dataset, containing 370,404 SNPs for 3,307 individuals, was subsequently imputed across *2.54 million SNP loci by using MACH (Willer et al. 2010 ) and HapMap2 CEU release 22 (60 unrelated individuals) (Frazer et al. 2007 ) as the reference population. From these, 1,774 subjects from the Michigan site were selected for this study. We then removed SNPs with low imputation quality (R-squared \0.3) or low allele frequency (MAF \2 %), resulting in *2.24 million SNPs. Across the three datasets 466,573 SNPs were shared in common.
Estimation of untreated IOP values
For subjects with IOP measurements available in both eyes, the higher IOP of the two eyes was defined as the individual's quantitative phenotype (Klein et al. 2004 ). The IOP values in the AMD-MMAP MI cohort were IOP measurements without treatment (referred to as ''untreated IOP'' hereafter). However, approximately 64 % of POAG cases in the other two datasets, 1,401 in NEIGHBOR and 477 in GLAUGEN, had only IOP measurements reported while under IOP-lowering treatment (referred to as ''treated IOP'' hereafter), and the information pertaining to the therapeutic modality used to lower IOP (medication, laser, or incisional surgery) was not available. We analyzed the quantitative relationship of untreated and treated IOP for subjects with both types of available measurements (n = 231) and implemented a method to estimate untreated IOP values for those with only treated IOP. This estimation was made by dividing the treated IOP values by a factor of 0.7 (see ''Results''), which is similar to the IOP estimation method described by van der Valk et al. (2005) and van Koolwijk et al. (2012) . The resulting IOP distributions were approximately normal for GLAUGEN and AMD-MMAP, but skewed for NEIGHBOR ( Supplementary  Fig. 1 ). We did not further transform the IOP values because (1) with large sample sizes ([1,000) the benefit of log transformation is small (Li et al. 2012) ; (2) we would maintain the original scale when reporting effect sizes (in mmHg/allele) and comparing with van Koolwijk et al. (2012) , which did not transform the IOP values either; (3) the NEIGHBOR samples came from a case-control cohort, not from a single, inherently homogeneous population; (4) the ranked-based inverse normal transformation, conducted for each of the three studies, did not change any of the meta-analysis conclusions reported below (not shown). Individuals with extreme IOP values (beyond three standard deviations from the overall mean of each study) were removed (n = 60 in NEIGHBOR, n = 12 in GLAUGEN, n = 3 in AMD-MMAP MI).
Population structure
We used multidimensional scaling (MDS) of the samplesample identity-by-state matrix to assess potential population structures in each of the three datasets, involving 4,514 subjects in NEIGHBOR, 2,116 subjects in GLAUGEN, and 1,774 subjects in AMD-MMAP MI. This analysis relied on pruned sets of *15, *14, and *12 K autosomal SNPs for the three datasets, respectively, selected by a linkage disequilibrium (LD) r 2 threshold of 0.01 in windows of 50 SNPs and a moving step of five SNPs. By including 210 HapMap samples of European (CEU), East Asian, and African ancestries (Frazer et al. 2007) , we confirmed that all the subjects in NEIGHBOR, 2,096 of 2,116 subjects in GLAUGEN, and 1,770 of 1,774 subjects in the AMD-MMAP MI dataset were of European ancestry (data not shown). We used these samples in downstream analysis and controlled for the residual, within-Europe population structure by using MDS scores as covariates (referred to as principal component (PC) scores below, as the MDS and PC scores are very similar in this situation).
IOP association analysis and meta-analysis
The association between IOP levels and genotypes at individual SNP markers was tested using linear regression analysis under an additive model in PLINK (Purcell et al. 2007 ). For the imputed data for AMD-MMAP, allele dosage scores were used in association tests. After single-SNP association tests, residual population stratification was assessed by using the genomic control factor (Devlin and Roeder 1999) .
For association tests in the NEIGHBOR and GLAUGEN datasets, we incorporated age, gender, and the first five principal component scores (PC1-PC5) as covariates. No other clinical variable in NEIGHBOR and GLAUGEN was chosen as a covariate due to the uneven availability of clinical data across different recruiting sites. Site was not used as a covariate because the NEIGHBOR dataset contains both cases and controls from eight sites, with different case-control ratios, and only cases from four sites. For GLAUGEN, two of the three sites had only cases. For the MI dataset of AMD-MMAP, most subjects had data for most clinical variables; therefore, we screened for the relationship between IOP values and the available variables (plus the first ten principal component scores) by univariate regression analyses and selected as covariates those with regression p value \ 0.05. Our analysis resulted in choosing the diabetes medication, spherical equivalent, AMD type, and the third principal component as covariates in the association tests in AMD-MMAP MI.
The association results of the three datasets were combined in a meta-analysis for the shared set of 466,573 SNPs, using the inverse sample size-weighted approach in METAL (Willer et al. 2010) , implemented in a fixed-effects model, with study-specific genomic control correction. The genome-wide significance level for the meta-analysis was set at a p value of 1.1 9 10 -7 to correct for multiple testing of this shared SNP set. Heterogeneity analyses of effect size differences across different age and gender groups, and across different study sites were carried out using METAL. For a given subject, if only the age at recruitment or the age at diagnosis was available, it was used in the analysis; if both were available, the recruitment age was used. Forest plots were made using custom R scripts to compare the effect size, direction, and standard error across various datasets, sample groups, or with published studies.
Results
Estimation of untreated IOP values
All POAG cases in NEIGHBOR and GLAUGEN were treated with glaucoma medication and/or surgery. However, 64 % of the cases did not have a reported untreated IOP measurement. The treatment effects on IOP, if unaccounted for, could obscure genetic association results. One solution is to analyze only the cases with untreated IOP values, but this would significantly reduce the sample size and subsequent power to find genetic associations. To increase statistical power, we sought to estimate untreated levels for these cases based on their recorded treated values. A previous study (van der Valk et al. 2005 ) reviewed IOP responses after medical treatment in 27 publications involving 28 randomized clinical trials and found that IOP was lowered by an average of *30 % in *14,000 individuals receiving different classes of medications. Such a quantitative relationship was subsequently used to estimate untreated IOP values for use in association tests (van Koolwijk et al. 2012) . A similar IOP extrapolation, using a factor of 33 %, was adopted to study the heritability of IOP in a population-based study (Chang et al. 2005) .
To re-examine this quantitative relationship, we took advantage of two subsets of subjects in the NEIGHBOR study that had both untreated and treated IOP values. In the Collaborative Initial Glaucoma Treatment Study (CIGTS) subset, 114 cases had untreated IOP values and those recorded at 3 months after treatment. Of these, 30 were treated surgically, allowing us to further compare the effects of medication and surgery. Linear regression of the untreated and treated IOP values yielded a slope of 0.69 (Fig. 1a) . In the Michigan site of the NEIGHBOR study, 117 cases had untreated and treated values. The regression slope was 0.65 for 47 cases with medication, and 0.53 for 70 cases with surgery (Fig. 1b) . The combined set of 117 cases had a slope of 0.65 (Fig. 1b) . Taken together, these results confirmed the earlier findings and provided empirical justification for using 0.7 as the extrapolation factor in estimating untreated IOP values. Notably, this factor was similar between those who received surgery and those who received medication (Fig. 1b) .
After estimating untreated IOP values, we obtained a final dataset of 4,088 individuals (1,903 cases, 2,185 controls) in NEIGHBOR, 1,153 individuals (816 cases, 337 controls) in GLAUGEN, and 995 individuals (128 cases, 867 controls) in AMD-MMAP MI. Extrapolation was not needed for AMD-MMAP MI since all cases had recorded untreated IOP values. The overall sample size was 6,236, with 2,847 cases and 3,389 controls. The demographic features and IOP summary values of the final dataset are presented in Table 1 . In the NEIGHBOR and GLAUGEN datasets, the treated POAG cases had average treated IOP values of *15.7 mmHg, comparable to those in the controls (14.9 mmHg). After extrapolation by dividing with 0.7, the average estimated untreated values were *22.4 mmHg, comparable to the untreated values for cases with such values available (23.2 mmHg).
GWAS and meta-analysis of NEIGHBOR, GLAUGEN, AMD-MMAP MI datasets
We performed GWAS on the three datasets separately, using the recorded IOP for controls, untreated IOP for POAG cases with such values, and extrapolated IOP for those without, incorporating covariates as described in ''Subjects and methods''. None of the three datasets revealed genome-wide significant signals, at thresholds of p \ 9.9 9 10 -8 for NEIGHBOR, p \ 1.1 9 10 -7 for GLAUGEN, and p \ 2.1 9 10 -8 for AMD-MMAP MI, according to varying numbers of SNPs tested. The Manhattan plots for the three GWAS and the Q-Q plot of NEIGHBOR are shown in Supplementary Fig. 2 . We then performed a meta-analysis of the three datasets (n = 6,236) and identified a significant signal in 1p24.1 within intron 2 of the TMCO1 gene (rs7518099 (G), beta = 0.76 mmHg/allele, p = 8.0 9 10 -8 ) ( Table 2 ; Fig. 2a ). The top 20 SNPs in the meta-analysis, representing 14 associated regions, are shown in Table 2 . The Q-Q plot for the meta-analysis showed little evidence of inflation, with a genomic control factor of 1.02 (Fig. 2b) .
Replication of previously reported associated regions for IOP or POAG Several GWAS have been published for either IOP or POAG. van Koolwijk et al. (2012) studied the genetic association of IOP in the Netherlands, involving a discovery phase (n = 11,972) and a replication phase (n = 7,482), and identified two significantly associated regions corresponding to the genes GAS7 and TMCO1. Burdon et al. (2011) analyzed 590 glaucoma cases and 3,956 controls and identified two loci containing genes TMCO1 and CDKN2B-AS1 as significantly associated with open-angle glaucoma. Wiggs et al. (2012b) reported CDKN2B-AS1 (referred to by the name CDKN2B-AS in that work) and SIX1/SIX6 as highly significant for POAG in a dataset of 3,146 POAG cases and 3,487 controls. Thorleifsson et al. (2010) conducted a GWAS on 1,263 POAG cases and 34,877 controls from Iceland and identified one associated locus, CAV1/CAV2. Of the top 20 SNPs in our meta-analysis, one reached genome-wide significance, an SNP near GAS7 (rs12150284) had a p value of 2.4 9 10 -6 . This suggests that some of the previously reported association results, for either IOP or POAG, could have similar effect sizes in our cohorts, but did not reach genome-wide significance due to the limited sample size in our study. Further, our association results for IOP are partly driven by POAG case-control differences and could be signals for either IOP or POAG. We therefore focused on five loci previously reported for IOP or POAG and examined their association with IOP in our datasets.
We first selected the top SNPs from our meta-analysis in each of the five loci and used their beta values to assess if our findings replicated the effect size and effect direction from those previously reported. In our study, the top SNPs in the TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2, and SIX1/SIX6 loci were rs7518099 (p = 8.0 9 10 -8 ), rs1412829 (p = 3.6 9 10 -4 ), rs12150284 (p = 2.4 9 10 -6 ), rs4236601 (p = 2.8 9 10 -4 ), and rs10483727 (p = 9.1 9 10 -2 ), respectively ( Fig. 2c-g ). Their beta values, shown in Fig. 3 , were mostly consistent across the three datasets we analyzed. A heterogeneity analysis for the top SNPs showed no significant difference among the three cohorts at TMCO1 (I 2 = 0 %, p = 0.90), GAS7 (I 2 = 0 %, p = 0.76), CAV1/CAV2 (I 2 = 0 %, p = 0.80) and SIX1/ SIX6 (I 2 = 28.7 %, p = 0.25), and a nominally significant difference at CDKN2B-AS1 (I 2 = 72.5 %, p = 0.027). As expected, results for NEIGHBOR had tighter confidence intervals due to its larger sample size, and a prevailing influence on the overall effect size in the meta-analysis. Our top SNPs at TMCO1 and GAS7 were also analyzed by van Koolwijk et al. (2012) and ranked among the top 40 SNPs in that study, with beta values showing strong agreement with our meta-analysis results in both effect size and direction (Fig. 3a, c) . Our top SNP at CDKN2B-AS1, rs1412829, was among the top 20 glaucoma-associated SNPs identified by Burdon et al. (2011) , with a reported odds ratio (OR) of 1.45 for the T allele, and by Wiggs et al. (2012b) , with a reported OR of 0.69 for the G allele. Since odds ratios higher than one indicate higher risk for glaucoma and correspond to positive beta values in association analysis with IOP, our observed negative beta value for the G allele was in agreement with its impact on glaucoma as reported previously. Similarly, our top SNP at CAV1/CAV2 was one of the two top SNPs associated with glaucoma in Thorleifsson et al. (2010) , with a reported OR of 1.36 for the A allele, and was the top SNP associated with IOP in this region in van Koolwijk et al. (2012) , with positive beta for the A allele, consistent with our findings. Our top SNP at SIX1/SIX6 was the top SNP in that locus associated with POAG in Wiggs et al. (2012b) , with a reported OR of 1.32 for the A allele, consistent with its positive beta in our study. In all, we conclude that our top SNPs in the five candidate regions replicated in effect size and direction for the association signals reported previously for POAG and/ or IOP.
We next examined the same top SNPs reported by van Koolwijk et al. (2012) to be associated with IOP: rs7555523 at TMCO1, and rs11656696 at GAS7. In our cohorts, rs7555523 information was available only in AMD-MMAP MI (among the imputed SNP sites). Its effect size and direction (beta = 0.55 mmHg/allele) were stronger than the previously published values (beta = 0.28 mmHg/allele) (Fig. 4a) . The GAS7 SNP, rs11656696 was genotyped in NEIGHBOR and imputed in AMD-MMAP MI. Its beta values, -0.40 mmHg/allele in NEIGHBOR and -0.06 mmHg/allele in AMD-MMAP MI, were also similar to those reported before (Fig. 4b) . Thus, we could replicate the effect size and direction of association with GAS7 and TMCO1 at the same lead SNPs previously reported for IOP association.
In addition to TMCO1 and GAS7, van Koolwijk et al. (2012) also reported five other regions with suggestive association with IOP: rs7894966 at the BMP1RA locus, rs216146 at CSF1R, rs1826598 at ADAMTS18 and NUDT7, rs9841621 at SATB1, and rs21117760 at FOXP1. Of these five SNPs, the first two were not genotyped or imputed in our datasets and had relatively weak LD with genotyped SNPs in the HapMap data for European populations: at BMP1RA, the closest proxy SNP in our datasets was rs1124482, which has r 2 = 0.61 with rs7894966; at CSF1R, the closest proxy SNP was rs216137 (r 2 = 0.67 with rs216416). Given the lack of reliable proxies for these two SNPs, we focused on the other three SNPs which were present in our datasets. The effect size and the direction for rs1826598, rs9841621 and rs21117760 in our meta-analysis were in agreement with their reported values in van Koolwijk et al. (2012) (Fig. 4c-e) , thus replicating the findings for these three regions as well.
We evaluated the lead SNPs reported for association with glaucoma by Burdon et al. (2011) : rs4656461 and rs7518099 at TMCO1, and rs4977756 and rs10120688 at CDKN2B-AS1. Both SNPs at TMCO1 showed a strong agreement in effect size and direction across the three datasets (Fig. 5 ). Of these, rs7518099 was the only SNP reaching genome-wide significance in our meta-analysis (p = 8.0 9 10 -8 ), and rs4656461 showed suggestive association (p = 8.3 9 10 -7 ). Burdon et al. (2011) reported ORs of 1.49 and 1.51 at these two loci, respectively, consistent with their positive beta values we observed for the same alleles. At CDKN2B-AS1, rs4977756 (G, beta = -0.26 mmHg/allele, p = 4.8 9 10 -3 ) and rs10120688 (G, beta = -0.23 mmHg/allele, p = 9.8 9 10 -3 ) showed suggestive significance in our meta-analysis. The ORs reported by Burdon et al. (2011) for these SNPs were 1.39 and 1.32, respectively, in agreement with the negative beta values for the opposing allele observed in our study. We conclude that we were able to replicate the findings of Burdon et al. (2011) for TMCO1 and CDKN2B-AS1 in effect size and direction.
Next, we investigated the two lead SNPs significantly associated with glaucoma in Thorleifsson et al. (2010) : rs4236601 and rs1052990 at CAV1/CAV2 (Fig. 6) . SNP rs4236601 was found in all three datasets and was our top SNP in this region in the meta-analysis. The other SNP, rs1052990, was only present in NEIGHBOR and AMD-MMAP MI. Both SNPs showed strong agreement in effect size and direction across datasets. The ORs reported by Thorleifsson et al. (2010) were 1.36 and 1.32 for rs4236601 and rs1052990, respectively, consistent with their positive beta values for the same alleles in our datasets.
Finally, we examined the top SNPs in CDKN2B-AS1 (rs2157719) and SIX/SIX6 (rs10483727) associated with POAG status in Wiggs et al. (2012b) . SNP rs2157719 was the second most significant SNP at CDKN2B-AS1 in our Fig. 2 NEIGHBOR, GLAUGEN , and AMD-MMAP MI metaanalysis results over *467,000 SNPs. a Genome-wide -log 10 (p value) plot. The horizontal line marks the 1.1 9 10 -7 threshold of genome-wide significance. b Quantile-quantile plot of observed vs. expected -log 10 (p value) of meta-analysis without correction by genomic control. c-g Regional plots for TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2 and SIX1/SIX6, respectively. The lead SNP in each region is indicated by the solid diamond meta-analysis (p = 4.83 9 10 -4 ), and rs10483727 was the most significant SNP at SIX1/SIX2 (p = 9.06 9 10 -2 ). Wiggs et al. (2012b) reported ORs of 0.69 and 1.32 at these two SNP loci, respectively, consistent with the negative and positive beta values we observed in the meta-analysis for the same alleles (Figs. 3e, 7a ).
The NEIGHBOR study had the largest sample size (n = 4,088) among our three cohorts, with 7 of the 11 NEIGHBOR sites contributing both cases and controls, thus allowing us to examine the site-specific, gender-specific, and age-specific signals for both genome-wide and the top SNPs in the five loci examined above. To assess between-site heterogeneity, we ran GWAS for the seven NEIGHBOR sites separately, incorporating the extrapolated pre-treatment IOP values as described earlier, while controlling for age, gender, and PC1-5 calculated within each site. The analysis involved 1,215, 1,281, 384, 326, 301, 125, and 172 individuals for sites 1-6 and 8, respectively, for a total sample size of 3,804. None of the sites produced a signal of genome-wide significance, nor did the meta-analysis of the seven sites ( Supplementary Fig. 3a) . Compared with the original NEIGHBOR analysis using all samples combined, the seven-site meta-analysis resulted in an overall effect of slightly less significant p values (as shown by the Q-Q plot in Supplementary Fig. 3b ). We next analyzed site-specific effects for the top SNPs at TMCO1 (rs7518099), CDKN2B-AS1 (rs1412829), GAS7 (rs12150284), CAV1/CAV2 (rs4236601), and SIX1/SIX6 (rs10483727) identified in the meta-analysis (Supplementary Fig. 4) . The effects of all five SNPs were in agreement across a majority of the sites. Heterogeneity analysis showed no significant difference among the seven sites at TMCO1, GAS7, or SIX1/SIX6, and a moderately significant difference at CDKN2B-AS1 (I 2 = 64.0 %, p = 0.011) and CAV1/CAV2 (I 2 = 58.9 %, p = 0.024), mostly driven by 1-2 ''outlier'' sites. In all, we conclude that the association effects were consistent across most of NEIGHBOR sites for the five regions examined. This result provided justification for the all-site combined analysis originally performed.
For between-gender differences, we ran association tests for males (n = 1,905) and females (n = 2,183) separately. IOP distributions were similar in the two genders, with a mean of 19.4 mmHg in males and 18.9 mmHg in females. An SNP of genome-wide significant association was observed among males at TMCO1 (rs7518099-G, beta = 1.67 mmHg/allele, p = 7.4 9 10 -8 ) (Supplementary Fig. 5 ). Gender-specific association results for the top SNPs at TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2, and SIX1/SIX6 are shown in Supplementary Fig. 6 . At TMCO1, the effect size of rs7518099 was significantly greater for males than for females (I 2 = 88.9 %, p = 2.7 9 10 -3 ). There was no significant gender difference for the top SNPs at CDKN2B-AS1 (I 2 = 0 %, p = 0.68), GAS7 (I 2 = 0 %, p = 0.32), CAV1/CAV2 locus (I 2 = 0 %, p = 0.65), or SIX1/SIX6 (I 2 = 18.5 %, p = 0.27). Finally, to examine age-dependent trends, we divided NEIGHBOR subjects using age cutoffs of 61, 69, and 77 years to obtain four groups of similar size (n = 1,022, 1,026, 1,027 and 1,017, respectively), with similar IOP distributions across groups ( Supplementary Fig. 7a ). The youngest group ( Supplementary Fig. 7b ) showed a genome-wide significant signal at 18q22 (rs1876486-A, beta = 3.43 mmHg/allele, p = 3.4 9 10 -8 ). This intergenic SNP located between ZNF407 and ZADH2 has no known function and has minimal evidence of regulatory function in the ENCODE dataset (Boyle et al. 2012) . Between-age group heterogeneity was significant for this SNP ( Supplementary Fig. 7c, I 2 = 83 %, p = 5.8 9 10 -4 ). No other SNPs were significantly associated in any of the other age groups (not shown). In the focused analysis of the five genes of interest, none showed significant heterogeneity among age groups ( Supplementary Fig. 8 ). However, there is a consistent age trend for CDKN2B-AS1 (rs1412829) and CAV1/CAV2 (rs4236601), where associations were stronger in younger age groups showing stronger association ( Supplementary Fig. 8 ).
Discussion
In this study we performed GWAS and meta-analysis of IOP across three datasets previously analyzed for casecontrol studies of primary open-angle glaucoma or agerelated macular degeneration. While we found no signal of genome-wide significance in any of these three datasets, meta-analysis revealed that the TMCO1 region is associated with IOP. TMCO1 has been previously reported for association with IOP (van Koolwijk et al. 2012 ) and with glaucoma (Burdon et al. 2011; Sharma et al. 2012 ). In addition, we observed a near-threshold signal close to GAS7 (rs12150284, p = 2.4 9 10 -6 ), which was the second region reported in van Koolwijk et al. (2012) . This motivated us to examine five regions previously reported for association with either IOP or glaucoma: TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2, and SIX1/SIX6. While Fig. 3 Comparison of the effect size and direction across datasets for the top SNPs in our meta-analysis in TMCO1, CDKN2B-AS1, GAS7, CAV1/CAV2, and SIX1/SIX6. In these ''forest plots'', point sizes are proportional to the weights (sample sizes) used in the meta-analysis; and the horizontal lines indicate the 95 % confidence interval of regression beta values. a TMCO1 top SNP, rs7518099(G), b CDKN2B-AS1 top SNP, rs1412829(G), c GAS7 top SNP, rs12150284(A), d CAV1/CAV2 top SNP, rs4236601(A), e SIX1/ SIX6 top SNP, rs10483727(A). In a and c, the beta values from van Koolwijk et al. (2012) the detailed results varied by datasets and by SNP marker, in general, we were able to replicate the effect size and direction of association with IOP for all five regions. At TMCO1 and GAS7, we replicated the findings both for the top SNPs in our meta-analysis and for the exact lead SNPs previously reported. While our results often did not reach genome-wide significance, the replication is supported by (1) similar effect size and same direction as previously reported; (2) consistency across our three datasets (except for CDKN2B-AS1, with p = 0.027 in heterogeneity test), which justifies the fixed-effect meta-analysis for most loci; (3) consistency across sites, gender, and age groups (with exceptions noted earlier); and (4) agreement with POAG association results Fig. 4 Comparison of the effect size and direction across datasets for SNPs significantly or suggestively associated with IOP in van Koolwijk et al. (2012) . a rs7555523(C) at TMCO1, b rs11656696(A) at GAS7, c rs1826598(A) at the ADAMTS18 and NUDT7 locus, d rs9841621(G) at SATB1, e rs21117760(A) at FOXP1. Some of the SNPs were not genotyped in NEIGHBOR and/or GLAUGEN and are not shown for these datasets b Fig. 5 Comparison of the effect size and direction across datasets for the top SNPs in two regions significantly associated with POAG in Burdon et al. (2011) 
Hum Genet (2014) 133:41-57 53 in direction: higher risk alleles are positively associated with IOP. Given the comparable effect sizes as previously observed, the lack of statistical significance in our study can be primarily attributed to sample size differences. For example, our datasets had a smaller combined sample size (n = 6,236) when compared with the discovery (n = 11,972) and replication datasets (n = 7,482) by van Koolwijk et al. (2012) . In this study, we estimated untreated IOP values by applying linear extrapolation on the treated values. Given the tremendous heterogeneity in treatment methods and environmental factors, the procedure of dividing by 0.7 could be overly simplistic and may have introduced additional noise, for which we lack independent means to evaluate. When we analyzed controls and only the cases with recorded untreated IOP values, the meta-analysis results became weaker in each of the five candidate regions: when compared with the original analysis (including the extrapolated IOP values), all lead SNPs showed reduced beta values and less significant p values (not shown).
Since IOP is a risk factor for POAG, it remains an interesting question whether the five loci we examined are primarily associated with IOP or with POAG. This question is difficult to answer in a POAG case-control cohort such as NEIGHBOR, where many cases have only treated IOP values, precluding a standard regression of IOP with SNP genotype using case status as a covariate. In our study, if the real effect of a locus is on the risk of glaucoma but not IOP, but, because of the IOP-lowering treatment in some NEIGHBOR and GLAUGEN cases, we scaled their IOP by 1/0.7, this locus will show apparent association with IOP as a secondary effect. Future studies without the treatment confounder are needed to properly address this question. Fig. 6 Comparison of the effect size and directions across datasets for two lead SNPs in the CAV1/CAV2 region significantly associated with POAG in Thorleifsson et al. (2010) . a rs4236601(A), b rs1052990(G) Fig. 7 Comparison of the effect size and directions across datasets for SNPs significantly associated with POAG in Wiggs et al. (2012b) . CDKN2B-AS1 SNP, rs2157719(G). The other signal, at SIX1/SIX6, rs10483727(A), is shown in Fig. 3e IOP measurements are known to be influenced by central corneal thickness (CCT) (Kohlhaas et al. 2006 ). In our datasets, 823 of the 4,088 subjects in NEIGHBOR had available CCT values, including 158 controls and 665 cases. We investigated the impact of CCT on IOP association by adjusting the IOP values for the 823 subjects having an available CCT measurement. The analysis of the CCT-adjusted IOP did not yield any significant signals (at the threshold of p \ 9.9 9 10 -8 ) (Supplementary Fig. 9a ) and the p values were similar to those from the original, unadjusted analysis (Supplementary Fig. 9b ).
For gender-specific effects, the beta value of rs7518099 at TMCO1 was significantly greater for males than for females. For age effects, we found a consistent age trend at CDKN2B-AS1 (rs1412829) and CAV1/CAV2 (rs4236601), with younger age groups showing stronger association. These results provide encouraging leads regarding the ageand gender-specific etiology of elevated IOP as an endophenotype for glaucoma. However, these findings are preliminary and need to be replicated.
We successfully replicated the reported association of TMCO1 with IOP and POAG status. TMCO1 is located *6 Mb upstream of MYOC, a known gene related to juvenile-onset OAG (Stone et al. 1997) , and encodes a protein containing a transmembrane and coiled-coil domain (Zhang et al. 2010) . It is highly conserved across species (Xin et al. 2010 ). Its function is currently unknown; however several studies have shown high expression levels in various ocular tissues, including the trabecular meshwork, the retina, and the secretory neuroepithelium of the ciliary body, which together or separately play a role in regulating IOP levels (Liton et al. 2006; Burdon et al. 2011; Sharma et al. 2012; van Koolwijk et al. 2012) . TMCO1 has been implicated in both ocular (Burdon et al. 2011 ) and developmental phenotypes (Xin et al. 2010) , raising questions about its potential role in ocular development.
Another finding of interest is that rs1876486 on 18q22 is associated with IOP in the youngest group of the study population, with the largest beta values (3.4 mmHg/allele) ever reported for IOP, genome-wide significance, and decreasing effect with increasing age. This SNP is *15 kb from AK096231 and *26 kb from ZNF407, but with minimal evidence for regulatory function except for ChIPSeq signals in three liver cell lines and a cancer cell line. Because the youngest age for study cases (35 years) falls within the age range of juvenile-onset open-angle glaucoma, it would be of interest to explore its potential role in juvenile-onset glaucoma.
In summary, our results contribute to the growing evidence that the complex physiological trait of IOP is associated with common DNA variants in multiple loci, in agreement with recent GWAS results (van Koolwijk et al. 2012 ) and past heritability estimates (Giuffre et al. 1995; Qureshi et al. 1996; Leske et al. 1997; Hashemi et al. 2005; Fukuoka et al. 2008; Wong et al. 2009; Freeman et al. 2013) . Additional studies are needed to examine the effect of these biomarkers in other populations, especially those of African ancestry for whom POAG has higher prevalence and severity than in Caucasians. Understanding the effects of DNA variants on steady state IOP levels also provides important new knowledge that may allow us to study large fluctuations of IOP, a separate but postulated important clinical parameter in glaucoma management.
